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Abstract 
Recrystallisation in single crystal Ni-based superalloys during solution heat treatment 
results in a significant cost to the investment casting industry. In this paper two sources 
of surface nucleation have been identified in the alloy CMSX-4®
1
. Firstly, Electron 
Backscattered Diffraction (EBSD) has revealed micro-grains of ′, between 2-30 µm 
diameter in the layer of surface eutectic found in the upper part of the casting.  These 
have high angle boundaries with respect to the bulk single crystal and a fraction coarsen 
during solution heat treatment. Secondly, in the lower regions where surface eutectic 
does not form, locally deformed regions, 5-20 µm deep, form where the metal adheres 
to the mould. The local strain causes misorientations up to  20° with respect the bulk 
single crystal, and after heat treatment these regions develop into small grains of similar 
low-angle misorientations. However, they also form twins to produce further grains 
which have mobile high-angle boundaries with respect to the bulk single crystal. 
Experiments have shown that micro-grains at the surface grow to cause full 
recrystallisation where there is sufficient strain in the bulk material, and by removing 
these surface defects, recrystallisation can be completely mitigated. Etching of the cast 
surface is demonstrated to be an effective method of achieving this. 
Keywords: Recrystallisation, Nucleation, Investment casting, Single-crystal Ni 
superalloys 
                                                 
1
 CMSX-4 is a registered Trade mark of the Cannon Muskegon Company. 
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1. Introduction 
The occurrence of recrystallisation in single crystal superalloy components during the 
solutioning heat treatment has long posed a significant mystery: how do you nucleate 
mobile high angle boundaries in a single-crystal material undergoing very moderate 
strains? In the past investigations have focussed on the strain necessary to drive the 
migration of boundaries [1-3], but avoid this central issue. The nucleation of 
recrystallisation is normally associated with the migration of existing boundaries 
experiencing a significant local difference in dislocation density on either side [4-6]. In 
the absence of grain boundaries, severe deformation of 20-25% by, for example, 
indentation [3,7,8,9,10] or compression [11,12,13] is required to trigger 
recrystallisation, often magnified by the presence of strain concentrators such as 
carbides [14]. Recrystallisation has also been observed during thermo-mechanical 
fatigue, nucleating at the intersection of deformation twin bands [15.16] . None of these 
possibilities arises in cast single crystal superalloys where potential strains are low and 
carbides are absent by design. Nucleation is always at, or very close to, the cast surface 
[17], but is unlikely to occur spontaneously. This work, for the first time, provides 
evidence of viable nuclei in the surface layers of single crystal castings and 
demonstrates that under suitable conditions of very moderate strain these can develop 
into sizable grains equipped with mobile high angle boundaries.  
2. Background 
Single crystal superalloy components are vulnerable to grain boundaries as the elements 
strengthening grain boundaries are removed to give a more effective solution heat 
treatment. Boundary misorientation angles above 10º lead to a catastrophic drop in 
creep rupture life [18]. Grain boundaries act as crack initiation and propagation sites 
during creep deformation and lead to a significant reduction in the creep rupture life 
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following recrystallisation [18-22]. Fatigue crack nucleation and propagation rates are 
also higher in recrystallised samples, [23,24]. Hence, any sign of recrystallsation, or 
indeed the inability to examine a casting through, for example, the formation of surface 
scale [25], results in the rejection of the components and a significant increase in cost.  
Recrystallisation also constrains component design, since complex geometries are more 
prone to developing higher local casting strains [1,2,13]. Furthermore, work by Hill [26] 
has shown that the susceptibility to recrystallisation depends on the alloy composition; 
the critical strain for recrystallisation was nearly halved for some recrystallisation-prone 
alloys, which thus become uneconomic despite other good properties. 
Recrystallisation is driven by the strains induced from the different thermal response of 
the mould and the casting. It is a complex function of the material expansion 
coefficients and modulae, the component design and the casting process parameters. 
Quantifying the threshold strain to propagate recrystallisation following nucleation is 
not straightforward as the dislocation density is not a monotonic function of strain and 
the dislocation configuration and stored energy depends on the deformation temperature 
[1, 27]. However, observations of the deformation in castings prior to heat treatment 
show that the dislocation configurations most closely resemble those produced at high 
temperatures, demonstrating that the majority of the strain is induced during the very 
early stages of cooling after solidification [1]. By applying the solution heat treatment to 
samples deformed to known strains at these temperatures the critical strain to fuel 
recrystallisation has been identified at 1-2% [1, 2] in agreement with previous work [3].  
Modelling of the strains induced during cooling has demonstrated that in specific 
locations the metal can experience sufficient stress to induce the plastic deformation 
necessary for recrystallisation, and experimental castings of various geometries have 
validated this modelling [1, 2]. One strategy to control recrystallisation is to reduce 
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deformation during cooling by changing the ceramic mould and core materials, reducing 
the strength of the mould, but increasing the risk of failure or distortion. An alternative 
approach is to eliminate or reduce the nucleation of recrystallsation.  
3. Experimental 
3.1 Materials 
CMSX 4, a second-generation superalloy (composition given in Table 1) was cast 
parallel to [001] under conditions consistent with normal foundry production practice at 
Rolls-Royce plc. The bars were  12.5 mm in diameter and  200 mm in length, Figure 
1. Post-processing steps that can induce strain, such as grit-blasting, were not employed. 
Several bars received a two-stage heat treatment at Bodycote plc. The first stage was a 
ramped solution heat treatment with a final step of 1315°C for 6 hr; the second stage 
primary age, was at 1140°C for 6 hr.  Other bars remained in the as-cast state. 
3.2 Sample preparation 
The bars were sectioned lengthways, parallel to [001], with silicon carbide (SiC) blades, 
at the positions indicated in Figure 1. The samples were mounted in conducting 
Bakelite, and ground with SiC paper from 1200 grit to 4000 grit. Final polishing was 
with a 3 µm diamond suspension (5 min), followed by a dilute 0.04 µm colloidal silica 
suspension (3 min). 
A sample for transmission electron microscopy (TEM) was extracted from a specific 
location using the focussed-ion beam (FIB) technique in the Helios Nanolab 600 dual-
beam field emission gun scanning electron microscope (FEGSEM). Sample preparation 
was done using standard techniques (technical details included in supplementary 
material) but the final stages of thinning at the lowest beam currents were not possible, 
consequently, some ion-beam damage was observed in the final microstructure.  
M
A
N
U
S
C
R
IP
T
 
A
C
C
E
P
T
E
D
ACCEPTED MANUSCRIPT
3.3 Characterisation 
Electron imaging with backscattered (BSE) and secondary electrons (SE), and energy 
dispersive x-ray spectroscopy (EDX) were performed on the CamScan MX2600 or 
JEOL 5800LV microscopes. Generally, imaging was done at 15 kV with a working 
distance of 10-15 mm, and the EDX data was acquired using Inca software from Oxford 
Instruments at 25 kV with either 35 mm (CamScan MX2600) or 10 mm (JEOL 
5800LV) working distance. 
The electron backscattered diffraction (EBSD) data was acquired at 25 kV with 30 mm 
working distance using the CamScan MX2600 FEGSEM and the HANNEL 5 HKL 
software from Oxford Instruments. Orientation data is presented as inverse pole figures 
(IPF) and local misorientation maps (kernel method, 11 x 11 pixel matrix) acquired 
using 0.4-0.6 µm step size. Only misorientations  5° were considered, as 
misorientations of  3° were measured between adjacent dendrites. 
Electron probe microanalysis (EPMA) was done using the Cameca SX100 microscope. 
The wavelength dispersive spectrometers used and the element spectral lines used are 
given in the supplementary information. The data was acquired at 20 kV with a 1 µm 
spot size and 40 nA current, and the acquisition time was 30 sec except for Hf and Re, 
where 60 sec was used due to weaker signals.  
Transmission Electron Microscopy on the sample prepared by FIB was performed on a 
JEOL 200CX microscope operating at 200 kV. 
3.4 Mechanical testing and annealing 
Half-cylinder samples 12 mm in length were cut slowly with SiC blades from the as-
cast bars to be deformed on an Instron 8800 servo-hydraulic low cycle fatigue machine. 
Fully heat-treated RR3010 was used as platen material. Samples were compressed at 
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0.2% min
-1
 along the [001] axis at room temperature to induce 3% plastic strain. To 
reduce friction with the platens carbon sheets and Cu grease were used. 
To remove 100 µm of the surface, the deformed samples were electrolytically etched 
in a solution of 7 vol% perchloric acid in ethanol. This was done in an ice-bath at 15 V, 
and uniform etching was achieved at a rate of 5-10 µm min
-1
. Although etching reduced 
nucleation from the damage caused by the platen, the depth was not sufficient to 
eliminate it altogether. 
The etched and un-etched samples were sealed in fused silica tubes backfilled with Ar, 
and were given the standard solution heat treatment, with one sample interrupted after 
30 min at 1315º. For examination, the polished surfaces were immersed in Kalling’s 
etchant (10 gms CuCl2 + 50 ml HCl + 50 ml ethanol) for 1-2 min to reveal the grain 
structure in the optical microscope. 
4. Observations from the cast surface 
The CMSX 4 bars are shown in the as-cast condition, Figure 1a, and after the standard 
heat treatment, Figure 1b. Almost 65% of the upper part of the as-cast bar has a shiny-
silver colour (upper mould positions), characteristic of a layer of surface eutectic [25]. 
The lower part has a dull grey colour and does not show any surface eutectic.  
In sections, 4.1 and 4.2, the two types of casting surfaces are dealt with separately as the 
results show that the nucleation of recrystallisation at the surface is different in the two 
regions. Observations before and after solution heat treatment will be presented and 
discussed. 
The results included in this paper are from a single bar, but are consistent with 
observations from many other bars. Finally, the effects on recrystallisation of removing 
the surface will be presented in section 5. 
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4.1 Micro-grains within the surface eutectic (upper mould positions) 
4.1.1 As-cast condition 
Figure 2a shows a longitudinal section parallel to [001] at position A, Figure 1a. The 
secondary dendrite arms do not reach the mould wall but are separated by a layer of 
surface eutectic. More significantly, Figure 2b shows the corresponding inverse pole 
figure map, and distinct micro-grains are present within the surface eutectic. The bulk, 
and most of the surface eutectic, has a single orientation.  
Lower in the casting at position B, close to the onset of the surface eutectic, similar 
micro-grains were observed but at a lower density within a thinner layer of surface 
eutectic, (Another example is included in supplementary material, Figure 1). In the 
lower mould position, Figure 1a, where no surface eutectic was present, no micro-grains 
were observed. 
The angular misorientations of 40 micro-grains at positions A and B were measured 
with respect to the bulk single crystal, and show a large spread in misorientation angle, 
Figure 3, with 90% of the grain boundaries having misorientations greater than 25°. 
Although 75% of micro-grains had misorientations less than 5° away from an ideal 
coincidence site lattice (CSL) misorientation with   29, none was disproportionately 
represented. Most of the micro-grains in the surface eutectic have high-angle boundaries 
with the bulk single crystal and are hence potential nuclei for recrystallisation in the 
presence of sufficient casting deformation. 
The elemental distribution around the micro-grains is shown in Figure 2c. Generally, the 
micro-grains had the same composition as the single-phase ′ surface eutectic, enriched 
in Ti, Ta and Al relative to the bulk, however, some composition variation did exist. 
Higher magnification views of the micro-grains in Figure 2c, together with other 
examples are shown in Figure 4. Several other phases are associated with the surface 
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eutectic whether or not micro-grains were present as reported by Leyland [28]. These 
fall into three categories with respect to composition. Phase a was Cr-rich with 
significant concentrations of Mo and Re, consistent with the σ phase identified by 
Mihalisin et al [29]. Phase b was rich in Ta, W, Re, Mo and Cr, and phase c had a 
needle morphology rich in Al and Cr, with significant proportions of Ti. The number 
density of these phases increased with casting height.  
Quantitative EPMA analyses of the compositions of the surface eutectic and micro-
grains at bar heights A and B are presented in Table 1. The composition of the surface 
eutectic varied from the dendrite interface to the mould, and was enhanced in Ti, Cr and 
Hf at the mould surface. The composition of the micro-grains located at the mould 
surface was similar to the surrounding γ′.  In CMSX 4, Ti segregated most strongly to 
the interdendritic liquid [30], and Cr segregated to the last solidifying liquid in the 
presence of eutectic γ′ [31]. The composition of surface eutectic nearest to the dendrites 
was similar to the eutectic found in the bulk of the casting. 
Table 2 compares quantitative observations of the size and density of the micro-grains 
and surface eutectic made at bar positions A and B. The smallest micro-grains 
penetrated 2-3 µm from the casting surface, and the largest ones at positions A and B 
went deeper to 30 µm and 20 µm, respectively. This trend followed the average 
thickness of the surface eutectic, which was 50% thicker at upper position A. However, 
the average depth of the micro-grains was 12-15 µm and did not vary significantly with 
casting height.  The micro-grains were elongated along the length of the bar, with an 
average aspect ratio of  3:2 at both positions. 
At the lower casting height, position B, single micro-grains or clusters of 2-3 were 
observed at an average spacing of 1 mm, (see Figure 2 in the supplementary material). 
At the higher position A, the occurrence of micro-grain clusters of up to 8 micro-grains, 
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doubled to 2 per mm of casting surface, Table 2. The proportion of the cast surface 
covered by surface eutectic γ′ was  44% irrespective of casting height; however, the 
individual surface eutectic pools were fewer and longer at position A, consistent with 
the increased clustering of micro-grains at the higher casting height.  
4.1.2 As heat-treated condition 
The heat-treated bar was examined at position A*, equivalent to position A in the as-
cast condition, Figure 1. The longitudinal section parallel to [001] is shown in Figure 5. 
The dendrites were no longer visible due to chemical homogenisation, and the inverse 
pole figure map from EBSD clearly shows that some of the micro-grains persisted after 
heat treatment. These were mostly single grains and were elongated parallel to the 
surface with an aspect ratio of 5:2. The density of the micro-grains reduced to 1 per mm, 
half that of the clusters in the as-cast condition at position A. 
The histogram of angular misorientation from the bulk crystal of 21 micro-grains is 
given in Figure 6. The number of micro-grains at position A* had halved relative to the 
as-cast bar at A. Misorientation angles with respect to the bar were between 27° and 
60°. Some 50% of the boundaries were identified with CSL misorientations (29 
within 5º) but no particular misorientation was prominent.  Some micro-grains were 
twin-related pairs.  
Following the two-stage heat treatment, the surface eutectic had disappeared, but a 
segregated layer remained, richer in the interdendritic-partitioning elements Ti, Ta and 
Al, and depleted in Cr, Re and W, Figure 5c. The micro-grains mostly remained single-
phase ′, however, close to the grain boundary,  had formed within the micro-grains, as 
the composition approached that of the bulk bar. Al enrichment at the surface is due to 
alumina formed during thermal exposure, Figure 5c. Compositions of the bulk, surface 
layer and micrograins are given in supplementary material.  
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On the heat-treated surface, and on the grain boundaries, in addition to the phases a, b 
and c, present in the as-cast bar, topologically close packed (TCP) phases rich in W, Re, 
Mo and Cr were seen; phases rich in Hf and Ni were also observed. These phases were 
present on the grain boundaries and in other regions of the surface layer where no 
micro-grains existed, Figure 7. 
4.1.3 Discussion 
The presence of the micro-grains of ′ is clearly related to the surface eutectic. As the 
casting is withdrawn from the furnace and solidifies, partitioning causes a build-up of 
Ta, Ti and Al rich liquid ahead of the dendrites. The first dendrites to form at the base of 
the casting impinge on the mould wall during solidification and no surface eutectic is 
observed. The volume of segregated liquid builds to steady-state and is forced to the 
mould wall by the contraction of the higher dendrites as they solidify.  This results in a 
semi-continuous eutectic layer at the mould wall in the upper part of the casting 
balanced by the characteristic loss of interdendritic liquid from the top of the casting 
revealing the dendrite arms. Brewster et al [25, 32] argue that this layer separates from 
the mould more easily on solidification and oxidises, resulting in a shiny-silver surface 
contrast seen in Figure 1. The lower part of the bar remains in contact with the mould, 
surface eutectic is not formed and this area displays a dull-grey colour. During heat 
treatment alumina forms on the surface eutectic, which causes the change in surface 
contrast of the bar; hence the interference of visible light with different oxide 
thicknesses results in the rainbow colours seen in the upper part of the casting, Figure 1, 
[20, 25]. 
The micro-grains form in the surface eutectic in the upper part of the casting.  Their 
composition resembles the surface eutectic closest to the mould surface, which, together 
with their position at the surface, suggests that whilst most of the eutectic solidifies with 
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the same orientation as the bulk, small grains nucleate heterogeneously from the mould 
wall during the solidification of the interdendritic fluid. The frequency of occurrence of 
micro-grains appears to scale with the average size of the surface eutectic pools, being 
absent at the base and larger at the higher casting height.  
The micro-grains observed in the surface eutectic resemble the freckle-chain defects 
observed in directionally cast alloys. Here we distinguish between the larger (mm-scale) 
grains resulting from the growth of dendrite fragments, which have the same 
composition as the single crystal bulk and form within the bulk, and the smaller chains 
of multiple grains (<1 µm) having a composition similar to the interdendritic liquid [33-
37]. The latter freckles and the micro-grains described here, both form on the surface of 
the casting and have compositions similar to the interdendritic areas. It may be that 
freckles grow from similar micro-grains under suitable low thermal gradient and growth 
rate conditions. However, the CMSX 4 bar used in this study was cast under using 
process parameters optimised to minimise freckle formation during casting.  
The micro-grains that form within the surface eutectic during casting are stable even 
after the heat treatment cycle:  some grains grow substantially, but many smaller grains 
within clusters, disappear. Heat treatment causes significant homogenisation but the 
surface layer retains a distinct composition. This is closer to that of the bulk and a clear 
/′ structure can be seen. The other precipitates at the boundaries dissolve during 
solution heat treatment, allowing unimpeded boundary migration, but re-precipitate at 
the boundary during cooling, principally as TCP phases. Hence, the micro-grains 
constitute potential recrystallisation nuclei, should sufficient dislocation density be 
present to drive migration. 
M
A
N
U
S
C
R
IP
T
 
A
C
C
E
P
T
E
D
ACCEPTED MANUSCRIPT
4.2 Grain formation due to mould adherence (lower mould positions) 
4.2.1 As-cast condition 
In the lower part of the bar there is no surface eutectic, and no micro-grains. However, 
some particles from the mould wall adhere to the casting surface, Figure 8a. Close to 
these adhered ceramic particles, regions of severe localised plastic deformation were 
found. This is quantified in Figure 8b, which plots the relative misorientation between 
pixels using EBSD. The misorientation with respect to the bulk crystal accumulates 
towards the surface as shown by the profiles in Figure 10c taken along the two lines 
indicated. Line profile 1 shows a gradual increase in misorientation reaching 13° at the 
casting surface; whereas for line profile 2, a sharp increase in misorientation is seen 10-
15 m from the casting surface with a maximum misorientation of 23°. Assessment of 
other sites of deformation showed misorientations of 5-10° for the most part, with some 
10% of misorientations in excess of 15º, Figure 8c. Most locally-deformed sites were 5-
20 m deep, although some were in excess of 50 m. 
A TEM sample was extracted from the region marked in Figure 7b. The sample is a 
vertical radial section with the foil normal close to  <100>. It retained some ion-beam 
damage after preparation. Distinct deformation bands cutting through the microstructure 
separate relatively dislocation-free regions 3-4 µm wide, Figure 9. The diffraction 
patterns reveal a maximum of 5° in-plane rotation around <100> across the deformation 
bands.  Additionally, an out-of-plane misorientation as high as 17.5° was observed 
between adjacent regions by tracking the rotation of the  <100> pole on each side of the 
deformation band. 
1µm
b)
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4.2.2  Heat-treated condition 
After heat treatment the local surface deformation was sufficient to cause limited 
recrystallisation in the deformed regions. A longitudinal section along [001] at 
approximately position C* is shown in Figure 10a. Another example is given in Figure 
3 of the supplementary material. The corresponding inverse pole figure map, Figure 
10b, shows the presence of small grains on the surface. Figure 11 shows part of a 
continuous run of surface grains in excess of 5 mm in length.  
Adjacent grains frequently showed 3 twin misorientations marked with a “T” in Figure 
10b. For each twin-related group, one grain showed a low misorientation angle, relative 
to the bulk, within the range of angular deviations seen in the as-cast bars due to local 
deformation.  For example, in Figure 10b, the grain with a misorientation of 16.5° 
formed a twin with a misorientation of 57°; this, in turn, formed another twin with a 
misorientation of 55°. A total of 39 grains from the heat-treated bar were analysed from 
position C*, Figure 1b, together with 21 regions of high surface deformation from the 
as-cast bar at positions B and C. The misorientation angle distributions, Figure 12, 
overlap closely in the lower angle range indicating that the rotations due to deformation 
(5-25°) are retained after heat treatment. The higher angle misorientations (> 30º) were 
found only in the heat-treated bar and could always be traced back to the lower angle 
misorientations by one or more twin-related grains. Further examples are given in the 
additional material.  
Figure 11 shows further examples of surface grains after heat treatment. The fine /′
microstructure within the grains shows that grain formation occurred in the single-phase 
 region during the solution heat treatment and ′ precipitated on subsequent cooling 
consistent with the grain orientation, Figure 11c.  EDX analysis showed no composition 
differences between the grains and the bulk. On cooling from the heat treatment 
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temperatures occasional TCP phases precipitated at the grain boundaries consistent with 
the slight instability of the bulk composition, Figure 11c.  
Most grains penetrated between 20-60 m into the bulk, but some examples went as 
deep as 160 m. In Figure 11a, 4-5 grains formed along 1 mm of the surface; however 
elsewhere grains were continuous along the surface length examined (5 mm). No 
systematic variation with the solidification height within the lower half of the bar was 
observed.  
4.2.3 Discussion 
The strong association of severe local deformation with ceramic fragments attached to 
the surface suggests that deformation is caused as the mould becomes detached from the 
surface. The nature of the deformation revealed by the TEM (Figure 9) as sharp 
localised slip bands is characteristic of deformation below 750°C for superalloys [1,2]. 
This suggests that the damage is caused either during the later stages of cooling, or 
when the casting is separated from the mould after removal from the furnace; as 
observed by Li and Han [38]. The nature of the strong adherence of the mould in 
localised areas has been studied in detail by Brewster et al [25].  
Brewster et al [25] argue that the bonding to the mould occurs via a reaction between 
the metal, specifically Al, and the silica in the mould leading to a jagged intrusive 
alumina which locks the casting to the mould. Detailed analysis of our material revealed 
a thin layer of alumina beneath the adhered ceramic consistent with their observations, 
(Figure 4 in supplementary material). There is no evidence of mechanical locking 
caused by metal flowing into occasional small cavities and solidifying. Stresses to 
remove the ceramic, although low over the whole surface, become very high when 
concentrated on a small area, resulting in very high local deformation. These shearing 
stresses result in large accumulated misorientations with respect to the bulk in excess of 
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20°, but the increment of rotation is concentrated in narrow deformation bands that have 
a high proportion of geometrically necessary dislocations. Between these the material is 
relatively dislocation-free, and would become more so as the temperature is raised and 
the structure recovers. It is proposed that areas with the most extreme misorientations at 
the edge of the casting act as nuclei for the distinct grains that form during heat 
treatment. Low angle (~20º) grain boundaries develop from the shear bands, specifically 
at intersections, and accumulate misorientation as they absorb more shear bands until 
the dislocation density becomes too low to drive further growth. The correlation 
between misorientations measured in the as-cast sample and the lower-angle 
misorientations measured in the heat-treated material supports this interpretation.    
From time to time, as is normal in recrystallisation of low stacking fault materials, faults 
occur behind the migrating boundary and twins form as a result [39-41]; up to second-
generation of twinning was observed in this study. As the initial misorientation is low, 
the resulting grain will have a misorientation close to the 60° twin misorientation, but 
far enough away to avoid the sessile nature of the low energy facets of this boundary. 
Hence a wide range of high angle boundaries is seen, most of which are likely to be 
highly mobile. It is suggested that these act as the nuclei for recrystallisation in the 
lower parts of the casting where the internal casting stresses give rise to sufficient 
deformation to drive further migration as discussed in Panwisawas et.al. [1,2]. 
5. Surface removal 
Both mechanisms for the nucleation of recrystallisation described (§4.1, §4.2) are 
specific to the casting surface. Hence, if sufficient material were removed from the 
surface, recrystallisation could be controlled. To test this, bars were deformed 3% in 
compression to ensure sufficient driving force for recrystallsation and the effect of 
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removing 100 µm from the as-cast surface was compared with complete bars after 
solution heat treatment. 
Samples were taken from the upper part of the bars subject to surface eutectic.  The 
convex surface and the transverse section parallel to [001] of the un-etched sample are 
shown in Figure 13a-c after solution heat treatment, and reveal a fully recrystallised 
structure. The multiple grains highlighted on the convex surface originate from the cast 
surface, Figure 13a, with the density of grains diminishing towards the centre of the 
transverse section in a columnar structure, Figure 13b,c. The density of nuclei varies 
over the cast surface. Figures 13d-f show an un-etched sample fully recrystallised after 
only 30mins at the full solution heat treatment temperature. 
In the fully heat-treated sample, Figure 13a, 27 recrystallised grains over a surface area 
of  190 mm
2
 were identified giving a density of 0.14 grains per mm
2
. Based on the 
observed linear densities of 2 per mm at position A and 1 per mm at position B, §4.2, 
and assuming a random distribution of micro-grain sites in the as-cast material, it is 
estimated that 40-50 micro-grains per mm
2
 were present in the surface eutectic. Hence, 
between 1 in 300 to 350 of the micro-grain sites develops into a recrystallised grain.
The sample etched to a depth of 100 µm and solution heat treated remained, for the 
most part un-recrystallised, Figure 14a. A few grains can be seen in the lower left corner 
and along the upper edge and most can be traced directly to the contact surface with the 
platen. The remaining three small grains half way up the left side of the convex surface 
are twins from the large grain growing from the platen-surface. The severe local strain 
accumulated at the platen-surfaces during deformation was not completely removed by 
the surface etching, and nucleated the few recrystallized grains observed which could be 
traced back, either directly or through a twin, to the platen surface. It is interesting that 
grains from the platen-surfaces did not to recrystallise the entire sample; this may be 
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due to the lack of competition to produce high mobility interfaces, and competing 
recovery processes. 
Results from these trials demonstrate that the micro-grains formed in the casting surface 
are the nuclei for recrystallisation and can grow in the presence of a sufficient 
dislocation density. Process modelling [1, 2] has shown that in simple hollow 
geometries analogous to turbine blades a maximum plastic strain of 2-2.5% is induced 
during the casting process, and this has caused complete recrystallisation of such 
castings on subsequent solution heat treatment. Surface etching has been shown to 
suppress recrystallization demonstrating that the degree of deformation sufficient to 
maintain recrystallization cannot nucleate it. 
Salkeld et al [42] have patented surface etching as a method of suppressing 
recrystallization after observing its beneficial effects in single crystal castings. The 
reason for the effectiveness of this process was not established, but the authors proposed 
that after casting a different strain-state exists on the surface. Their experimental trials 
on hollow aerofoil castings showed that removing as little as 13-50 m of the surface 
significantly reduced recrystallisation. This depth is comparable to the defect size 
measured in this study and demonstrates that surface removal to this modest level can 
significantly reduce recrystallisation in single crystal castings.  
Mihalisin et al [29, 43] demonstrated that carbon additions of up to 0.04 wt% 
substantially reduced the extent of surface eutectic formation and also the propensity for 
recrystallisation in single crystal castings. They proposed that carbides form 
preferentially from elements present in the surface eutectic and hinder the migration of 
recrystallisation grains. Tin et al [36, 37] provide a convincing explanation for the 
effectiveness of carbon in reducing freckle formation: carbides, which form just below 
the liquidus temperature, obstruct the flow of interdendritic liquid and reduce surface 
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eutectic and surface freckle formation. This mechanism is consistent with the 
observations of Mihalisin et al [29, 43] and suggests that both recrystallization and 
freckle formation are a result of the micro-grains formed at surface eutectic. However, 
carbon reduces the incipient melting temperature [44, 45], making the solutioning of 
higher refractory-containing alloys more difficult; and deplete the substrate of elements 
such Ta and Mo. 
Burgel et al [17] report extensive work to mitigate surface-initiated recrystallisation in 
single crystal superalloys. Long anneals at low temperatures to promote recovery prior 
to solutioning failed to reduce recrystallisation. However, Bond and Martin [46], 
demonstrated that recovery treatments 100°C below the solutioning temperature proved 
effective in eliminating recrystallisation after surface grit-blasting. It must be noted, 
however, that their straining conditions were significantly different from those used by 
Burgel et al [17], who compressed samples at room temperature. Burgel et al [17] 
observed that using surface aluminised coatings on as-cast single crystal samples 
substantially reduced the extent of recrystallisation. The process of aluminisation 
absorbs the outer layer of the casting in forming the aluminised layer [47], which is 
again consistent with nucleation from the surface grains. Surface coating is not a viable 
solution as it would need to be applied before solution heat treatment. 
Surface etching, therefore, appears to be the best solution for mitigating recrystallisation 
in single crystal castings whether caused by cast-in micrograins or localised adhesion of 
the mould. Removing the casting surface by other mechanical means, such as grit-
blasting or grinding, induces further surface strain that can cause recrystallisation. 
Etching can also produce components free from defects such as surface eutectic, surface 
contamination and melting. Abbott et al [48]  have demonstrated the use of 
electropolishing with ionic liquids to remove surface eutectic, and facilitate component 
M
A
N
U
S
C
R
IP
T
 
A
C
C
E
P
T
E
D
ACCEPTED MANUSCRIPT
examination for other grain defects. The existence of an effective and economic process 
to reduce recrystallisation would not only increase yield and reduce costs, but also allow 
the use of a wider range of alloys and more intricate blade designs.  
6. Conclusions 
• Micro-grains of ′ with high angle boundaries form within the surface eutectic towards 
the top of a casting.  
• The micro-grains survive the standard heat treatment even in the absence of a critical 
strain to produce recrystallisation. 
• In the lower part of the casing where surface eutectic is absent the metal can adhere to 
the mould locally; subsequent detachment creates locally deformed surface regions with 
rotations of up to 20° with respect to the bulk single crystal. 
• After heat treatment the deformed regions establish distinct grains by repeated twinning 
and have highly mobile misorientations with respect to the bulk.  
• Experimental trials demonstrated that, in the presence of a critical level of deformation 
in the bulk, etching the cast surface, can eliminate recrystallisation. 
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
Position A 
Ti Ta Al Hf Co Cr W Re Mo Ni 
Nominal Alloy Composition
1.00 6.50 5.60 0.10 9.00 6.50 6.00 3.00 0.60 Bal. 
Micro-grains 3.33 
(0.48) 
11.96 
(0.79) 
6.45 
(0.38) 
0.76 
(0.47) 
7.63 
(0.19) 
4.35 
(0.94) 
0.88 
(0.34) 
0.32 
(0.08) 
0.31 
(0.06) 
62.23 
(1.20) 
Surface 
eutectic 
Interface with 
dendrites 
1.66 
(0.13) 
10.48 
(0.74) 
6.97 
(0.21) 
0.13 
(0.05) 
7.65 
(0.34) 
3.76 
(0.71) 
2.47 
(0.58) 
0.58 
(0.24) 
0.26 
(0.06) 
65.51 
(0.71) 
Interface with 
mould 
3.59 
(0.50) 
11.52 
(1.40) 
6.42 
(0.25) 
1.10 
(0.75) 
7.71 
(0.33) 
3.83 
(0.31) 
0.53 
(0.36) 
0.17 
(0.09) 
0.23 
(0.03) 
62.28 
(0.85) 
Bulk eutectic 1.95 
(0.24) 
11.19 
(0.77) 
6.81 
(0.15) 
0.42 
(0.43) 
7.44 
(0.31) 
3.45 
(0.53) 
1.99 
(0.53) 
0.67 
(0.29) 
0.26 
(0.06) 
65.12 
(0.58) 
Position B 
Ti Ta Al Hf Co Cr W Re Mo Ni 
Micro-grains 
3.05 
(0.76) 
10.39 
(2.66) 
6.72 
(0.75) 
0.36 
(0.09) 
8.09 
(1.21) 
5.49 
(4.11) 
0.97 
(0.47) 
0.41 
(0.38) 
0.36 
(0.34) 
62.93 
(3.37) 
Surface 
eutectic 
Interface with 
dendrites 
1.98 
(0.17) 
10.99 
(0.66) 
7.17 
(0.16) 
0.27 
(0.10) 
7.51 
(0.18) 
3.50 
(0.40) 
1.96 
(0.34) 
0.36 
(0.08) 
0.20 
(0.06) 
65.30 
(0.57) 
Interface with 
mould 
2.85 
(0.16) 
11.74 
(0.06) 
6.95 
(0.11) 
0.38 
(0.03) 
7.51 
(0.08) 
3.67 
(0.04) 
1.13 
(0.21) 
0.26 
(0.01) 
0.22 
(0.03) 
63.76 
(0.27) 
Bulk eutectic 
1.95 
(0.24) 
11.19 
(0.77) 
6.81 
(0.15) 
0.42 
(0.43) 
7.44 
(0.31) 
3.45 
(0.53) 
1.99 
(0.53) 
0.67 
(0.29) 
0.26 
(0.06) 
65.12 
(0.58) 

Table 1: Chemical compositions (wt%) from EPMA of micro-grains and surface eutectic at 
positions A and B (see Figure 1a), and eutectic in the bulk microstructure; standard 
deviations are given in parentheses 

Position A Position B
Micro-
grains 
*Average width (µm) 
12.34 
(2.96 < range < 29.92) 
14.82 
(2.25 < range < 21.56) 
No. of micro-grains 
(per mm of casting surface) 
5 2 
No. of micro-grain clusters 
(per mm of casting surface) 
2 1 
Surface 
eutectic 
*Average thickness of 
eutectic pools (µm) 
30.40 
(14.99 < range < 77.34) 
19.43 
(7.79 < range < 59.95) 
Average length of each 
eutectic pool (µm) 
84.00 49.63 
Surface coverage of 
eutectic (%) 
44.29 44.14 

Table 2: Observations of micro-grains and surface eutectic at positions A and B; *width 
measured from the surface. 
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